Introduction

Purpose and Scope
There is a long-standing and continuing interest in stopping powers and ranges for heavy charged particles, because such information is needed in many areas of basic and applied physics. Most of the effort in this area has gone into the tabulation of proton stopping powers. A review of experimental stoppingpower data for protons was published by Whaling (1958) . Tables of stopping powers for protons, calculated with Bethe's stopping-power theory, were published by Barkas and Berger (1964) , Janni (1966) , and Bichsel (1963, 1968, 1972 ). An experimentally based compilation of proton stopping powers and ranges for all elements by Andersen and Ziegler (1977) included plots of all available experimental stopping cross sections at energies from 1 keV to 20 MeV, as well as convenient fitting functions. An equally comprehensive tabulation in the same format for alpha particles was published by Ziegler (1977) . Proton stoppingpower tables for all elements and many compounds, based on theory as well as on fits to experimental data, were published by Janni (1982a, 1982b) . A bibliography listing other stopping-power and range tables for protons can be found in Janni (1982a). Stopping powers and ranges for heavy charged particles in solids can also be calculated with the computer program TRIM available from J . F . Ziegler (IBM) and based on the universal algorithms developed by Ziegler et al. (1985) .
The purpose of this report is twofold. The first purpose is to present stopping-power and range tables for protons and alpha particles, with emphasis on materials that are of interest in radiological physics and biomedical dosimetry. The tabulated quantities include (a) electronic, nuclear and total stopping powers; (b) ranges (computed in the continuousslowing-down approximation); (c) detour factors which relate the range to the average depth of penetration. The second purpose of the report is to provide concise descriptions of methods used for stopping-power measurements.
1 Section 2 of this report describes the calculation of electronic stopping powers of protons and alpha particles at high energies according to Bethe's theory with various corrections. Section 3 discusses the use of experimental information for electronic stopping powers at low energies. Section 4 deals with the calculation of nuclear stopping powers. Section 5 compares tabulated stopping powers from this report with experimental results. Section 6 discusses some aspects of energy-loss straggling. Section 7 is concerned with the calculation of ranges and detour factors. Section 8 describes the main stopping-power and range tables for protons and alpha particles (which are set out on pages 107-257) and includes, auxiliary tables for negatively charged pions. Section 9 describes methods for stopping-power measurements, classified into nine major categories.
The selection of absorber materials is the same as that in ICRU Report 37 (lCRU, 1984) on electron stopping powers and ranges. Table 1.1 lists the  elements, and Table 1 .2 the compounds and mixtures included in the main tables, together with some of their properties (composition, density, and mean excitation energy). For easy reference later in the text, each material is given an identification (lD) number.l For elements, the ID number coincides with the atomic number.
Definition of Stopping Power and Related Quantities
The stopping power of a material is defined as the average energy loss per unit path length which charged particles suffer when traversing the material, as the result of Coulomb interactions with electrons and with atomic nuclei. For protons and alpha particles, the predominant contribution to the total stopping power comes from the electronic stopping power, In the nomenclature ofthe ICRU (ICRU, 1980), this quantity is called collision stopping power and is denoted as Seol. A smaller contribution comes from the nuclear stopping power, -(dE/dx)nue or Snue, due to elastic Coulomb collisions in which recoil energy is imparted to atoms. 2
The nuclear stopping power is important only at very low energies. For example, in water, the nuclear stopping power contributes more than one percent to the total stopping power only at energies below 20 keY for protons and 150 keY for alpha particles. The radiative stopping power (due to the emission of bremsstrahlung), which is important for electrons, is negligibly small for protons or alpha particles, be· cause it is inversely proportional to the square of the mass of the charged particle.
It is common practice, followed in this report, to tabulate stopping powers in units of MeV / (g/ cm 2 ) and ranges in units of g/ cm2. Thereby, the dependence of these quantities on the density of the medium is largely removed, with only a mild residual dependence persisting at high energies due to the density-effect correction. Stopping powers expressed in such units are called mass stopping powers denoted by -(I/p)dE/dx or (l/p)S, where p represents the density of the medium. In this report, we shall always deal with mass stopping powers, but for sake of brevity shall often omit the adjective "mass." and range tables for protons, included data on the probability of nonelastic nuclear interactions, and some of these results are quoted in Section 7.1 of this report. The mass electronic stopping power is defined in terms of the inelastic scattering cross sections dUin(W, T) / dW for collisions with atomic electrons:
where T is the initial kinetic energy and W the energy loss of the incident particle (projectile). The upper limit of integration, W m, is the largest possible energy loss in an inelastic collision with an atomic electron [see Section 2, Eqs. (2.4) and (2.5)]. N is the number of atoms (or molecules) per gram of material, and Z is the number of electrons per atom (or molecule).
The mass nuclear stopping power is defined in terms of the elastic scattering cross section dUel (e, T) / dD for collisions with atoms:
where e is the deflection angle (in the center-of-mass system), and wee, T) is the recoil energy received by the target atom [see Section 4, Eqs. (4.11) and (4.12)].
The number of atoms per gram of material is
where NA is the Avogadro constant, MA the molar mass in g mol-I, A the relative atomic (or molecular) mass (sometimes denoted by A r ), and u is the atomic mass unit (V12 of the mass of an atom of the nuclide I2C). The values of the various constants used in this report were taken from the 1986 Adjustment of the Fundamental Constants (Cohen and Taylor, 1986): NA = 6.0221367 X 10 23 mol-I, and u= 1.6605402 X 10-24 g. In the experimental literature, the energy loss of charged particles is often described in terms of the stopping cross section (in units of 10-15 eV cm 2 ). The stopping cross section is usually denoted by the symbol €, and is related as follows to the mass collision stopping power (in MeV cm 2 / g):
1 €(T) = 10 21 (M A /N A ) -S col(T).
(1.4) p
Methods Used for the Evaluation of Stopping Powers
In this report, electronic stopping powers at high energies were calculated according to Bethe's theory (Bethe, 1930 (Bethe, , 1933 ; Bethe and Ashkin, 1953), with various refinements (shell corrections, corrections for departures from the first Born approximation, and the density-effect correction). At low energies, electronic stopping powers were obtained from experimental data, with heavy reliance on empirical fitting formulas developed by Andersen and Ziegler (1977) for protons, and by Ziegler (1977), Powers (1978), and Watt (1988) for alpha particles. The border between the high-and low-energy region depends somewhat on the accuracy with which the corrections to the Bethe formula are available for various materials. In the present work, the border was chosen to be at -0.5 MeV or higher for protons and -2 MeV or higher for alpha particles (see Section 3.5).
Even in the high-energy region, the use of experi-mental information was essential for obtaining accurate values of the mean excitation energy of the medium (a key parameter that characterizes the stopping properties of the medium), and for finetuning the various correction terms in the stoppingpower formula. The values of the mean excitation energies used in the present work (discussed in Section 2.5) are the same as those adopted in ICRU Report 37 (ICRU, 1984) . Pertinent new experimental data were considered, but no compelling reasons were found to adopt different values. Nuclear stopping powers were obtained by calculating the transfer of energy to the recoiling atoms in elastic collisions. The cross section for the elastic scattering of charged particles by atoms was obtained by a classical trajectory calculation according to the method of Everhart et at. (1955) , assuming a screened Coulomb potential. For protons, a Thomas-Fermi potential was used as parametrized by Moliere (1947) , and for alpha particles, an inter-atomic potential was used as given by Ziegler et at. (1985) .
Utility and Limitations of Stopping Powers
Continuous-Slowing-Down and Straight-Ahead Approximations
To calculate the penetration, diffusion and slowing down of charged particles in bulk matter, one must utilize-in principle-the complete set of differential cross sections for energy losses and angular deflections in inelastic and elastic Coulomb collisions. In many dosimetry problems involving protons or alpha particles, it is possible to obtain useful results using only stopping powers and ranges. This is the case in circumstances where the continuous-slowing-down approximation, and the straight-ahead approximation are justified.
In the continuous-slowing-down approximation (csda), energy-loss fluctuations are neglected, and charged particles are assumed to lose their energy continuously along their tracks at a rate given by the stopping power. The csda range, calculated by integrating the reciprocal ofthe total stopping power with respect to energy, is a very close approximation to the average path length traveled by a charged particle in the course of slowing down to rest. A discussion of energy-loss fluctuations will be found in Section 6, and of range fluctuations in Section 7.2.
In the straight-ahead approximation, the angular deflections due to multiple elastic scattering are neglected, and charged particle tracks are assumed to be rectilinear. For protons and alpha particles, this is a good approximation except near the ends of their tracks. The departures from linearity ("wiggliness" of the tracks) will be discussed in Section 7.3 in terms of detour factors, which relate the csda range to the average penetration depth (along the initial direction of motion).
Distinction between Energy Loss and Energy Deposition
Stopping powers pertain to the loss of energy by the incident charged particles, whereas, in radiation dosimetry, one is often more interested in the spatial pattern of energy deposition in some target region (such as an organ, cell, or cell nucleus). A large 1.4 Utility and Limitations of Stopping Powers ... 5 fraction of the energy lost by protons or alpha particles along their tracks is converted to kinetic energy of secondary electrons (delta rays), and the transport of these electrons through the medium influences the spatial pattern of energy deposition. In some dosimetry calculations, the transport of energy by secondary photons (fluorescence radiation or bremsstrahlung) or by recoil nuclei may also have to be taken into account.
A convenient simplification arises when conditions of electronic equilibrium prevail, that is, when the spatial distribution of the primary protons or alpha particles is approximately uniform in the target region and in all outside regions from which secondary electrons can reach the target region. Under such conditions, the total amounts of energy carried into and out of the target region by secondary electrons are, on the average, equal to each other. The energy loss of the primary protons or alpha particles along their tracks in the target region, calculated with the use of stopping powers, is then equal to the average amount of energy deposited in the target region.
Even under conditions of electronic equilibrium, the continuous-slowing-down approximation and the neglect of energy transport by secondary radiations are no longer justified when one is interested not only in the average amount of energy deposited in the target region but also in the statistical distribution of energy deposition events (microdosimetric event-size distributions). The effects of energy-loss straggling and of energy transport by secondary electrons in such microdosimetric calculations for protons in water were demonstrated by Berger (1985, 1988a) and Bichsel (1985) . Other more elaborate treatments, based on detailed Monte Carlo simulations of the tracks of primary heavy charged particles and secondary electrons, have been given by Paretzke (1987, 1988) , Zaider et al. (1983) , and Wilson et al. (1988) .
